À may reflect either additional in-situ production mechanism(s) or higher relative atmospheric production rates in that specific region or in the geological past. Elevated concentrations of ClO 4 À reported on the surface of Mars, and its enrichment with respect to Cl À and NO 3 À , could reveal important clues regarding the climatic, hydrologic, and potentially biologic evolution of that planet. Given the highly conserved ratio of NO 3 À /ClO 4 À in non-biologically active areas on Earth, it may be possible to use alterations of this ratio as a biomarker on Mars and for interpreting major anion cycles and processes on both Mars and Earth, particularly with respect to the less-conserved NO 3 À pool terrestrially. Ó 2015 Elsevier Ltd. All rights reserved.
INTRODUCTION
The oxyanion perchlorate (ClO 4 À ) has received increasing attention due to its widespread occurrence on Earth and Mars, and yet its distribution and relation to other more understood atmospheric species are poorly defined.
Terrestrial ClO 4
À is largely produced in the atmosphere and deposited in dry and wet deposition (Rajagopalan et al., 2009; Andraski et al., 2014) . It is abiotically stable in most near-surface environments but can be irreversibly reduced biologically under anoxic conditions. In these respects ClO 4
À is similar to NO 3 À , although NO 3 À may be biologically reduced preferentially to ClO 4 À in mixed redox conditions. Major differences between the two species include a biological production mechanism for NO 3 À (nitrification) and the assimilation of NO 3 À by plants, from which N may be removed from the NO 3 À reservoir into stored organic matter or returned through subsequent nitrification. The terrestrial NO 3 À mass balance is complicated further by varying amounts of N 2 fixation, which may result in net changes to the free NO 3 À reservoirs in soils and groundwaters. Given these attributes, NO 3 À and ClO 4 À should co-occur in arid environments. In the driest and coldest locations, where biological activity is minimal, the ratio of NO 3
À /ClO 4 À should be similar to that of total atmospheric deposition; whereas in less arid environments, NO 3 À /ClO 4 À ratios could be higher or lower than the deposition ratio, depending on the relative importance of net biologic NO 3 À (or N) addition or removal. Further, the isotopic composition of NO 3 À in relation to the NO 3 À /ClO 4 À ratio should be consistent with the net effects of mixing of atmospheric and biogenic NO 3 À , commensurate with the degree of assimilation and reprocessing of the NO 3 À atmospheric fraction. Such a conceptual model can be used to evaluate environmental conditions under which atmospherically deposited species accumulate and the net effects of soil processes on these species.
Until recently, ClO 4 À was considered to be present in the environment largely from military and commercial sources, but its occurrence in pre-industrial soils and groundwater in the Atacama Desert (Ericksen, 1981) , Antarctic Dry Valleys (Kounaves et al., 2010; Jackson et al., 2012) , Mojave Desert and Southern High Plains , Middle Rio Grande Basin (Plummer et al., 2006) , as well as on the surface of Mars (Hecht et al., 2009; Glavin et al., 2013) indicate that it is produced largely in the stratosphere from oxidative reactions of chloro-oxyanions by O 3 oxidation and/or perhaps UV-mediated photo-oxidation (Bao and Gu, 2004; Sturchio et al., 2009; Jackson et al., 2010) . ClO 4 À is deposited at the Earth's surface by wet and dry atmospheric deposition. Modern ClO 4 À wet deposition rates measured in North America averaged 64 mg/ha-year (Rajagopalan et al., 2009 ) and total deposition rates measured in the Amargosa Desert (southwestern Nevada) over a 6-year period averaged 343 mg/ha-year (Andraski et al., 2014) . Accumulations of ClO 4 À (93-1050 g/ha) have been observed in deep unsaturated-zone salt bulges throughout the southwestern United States (U.S.) that accumulated during the late Quaternary, roughly over the last 100,000-10,000 years based on Cl À deposition rates and inventories (Rao et al., 2007) .
ClO 4 À is abiotically unreactive under typical terrestrial conditions but can be microbially (Archea and Bacteria) reduced under anoxic conditions as an electron acceptor (Coates and Achenbach, 2004; Liebensteiner et al., 2013) .
Reduction of ClO 4
À can be coupled to oxidation of various electron donors including organic matter, sulfide, and H 2 . In electron donor-limited environments, the presence of NO 3 À at greater concentrations has been shown to inhibit ClO 4 À reduction (Tan et al., 2004a; Farhan and Hatzinger, 2009 ). The capacity for ClO 4 À reduction appears to be common and has been demonstrated in a number of environments including Antarctic Dry Valley lakes (Jackson et al., 2012) . Plants accumulate ClO 4 À primarily in transpiring tissue (e.g. leaves) Voogt and Jackson, 2010) , and do not generally appear to transform it substantially (Tan et al., 2006; Seyfferth et al., 2008) , although this may occur in some cases (Van Aken and Schnoor, 2002) . Bioaccumulated ClO 4 À can be returned to the environment by senescence and leaching of plant tissue (Tan et al., 2004b (Tan et al., , 2006 Andraski et al., 2014) .
The largest and best known occurrence of terrestrial ClO 4
À is in the NO 3 À deposits of the Atacama Desert (Erickson, 1981; Pérez-Fodich et al., 2014) . Elevated ClO 4 À concentrations also have been reported in the clay hills near Death Valley Lybrand et al., 2013) , subsurface salt accumulations in the southwestern U.S. (Rao et al., 2007) , surface soils of the Dry Valleys of Antarctica (Kounaves et al., 2010) , and surface soils in northeastern China (Ye et al., 2013) and the Amargosa Desert (Andraski et al., 2014) . These occurrences have been interpreted to be of natural origin based on the distribution and age of the accumulations and /or the stable isotopic composition of the ClO 4 À and coexisting NO 3 À . ClO 4 À has also been reported in groundwater and surface water in many areas including China, India, South Korea, Antarctica, and the U.S. (Plummer et al., 2006; Rajagopalan et al., 2006; Quinones et al., 2007; Parker et al., 2008; Kannan et al., 2009; Ye et al., 2013) . Some of these occurrences could be related to human activities including release of electrochemically produced ClO 4 À and distribution of NO 3 À fertilizers containing ClO 4 À from the Atacama Desert. Other occurrences are interpreted to be indigenous based on location, groundwater age, and/or stable isotopic composition (Plummer et al., 2006; Rajagopalan et al., 2006; Jackson et al., 2010 Jackson et al., , 2012 Kounaves et al., 2010 À to the better studied atmospherically deposited species NO 3 À and Cl À as a means to understand the prevalent processes that affect the accumulation of these species over various time scales. We developed a conceptual model of ClO 4 À occurrence in relation to NO 3 À that incorporates the overall impact of biological processes to the co-occurrence of these important oxyanions. Our results firmly establish the widespread global occurrence of ClO 4 À , provide insights about environmental conditions controlling its distribution, and appear to indicate a new approach for evaluating arid-region biogeochemistry with particular relevance to NO 3 À processing and Cl À cycling. Our results also may contribute to understanding the prevalence of ClO 4 À on Mars and its implications to the co-occurrence of NO 3 À and possible extraterrestrial biologic impacts on these species (Stern et al., 2015) .
MATERIALS AND METHODS
Soil, unsaturated subsoil, caliche-type salt deposits, and groundwater samples were collected for this study or obtained from archived samples of previous studies from sites in the U.S., Southern Africa (Namibia, South Africa, and Botswana), UAE, China, Chile, and Antarctica ( Fig. 1 ). Sample sites are described below and summarized in Tables 1 and 2 recently for co-occurring ClO 4 À (Ericksen et al., 1988; Bö hlke et al., 1997; Michalski et al., 2004; Jackson et al., 2010; Lybrand et al., 2013) . We also obtained archived (filtered and aerated) soil leachates from previous studies of indigenous NO 3 À in the Rainbow Hills and Fort Irwin Basin in the western Mojave Desert (Bö hlke et al., 1997; Densmore and Bö hlke, 2000) . The Mojave Desert sites receive variable rainfall but generally less than 10 cm/year.
2.1.1.2. Edwards aquifer-groundwater. Groundwater samples were collected from the San Antonio segment of the fractured karstic Edwards aquifer in Texas, (U.S.) as part of the USGS National Water-Quality Assessment Program ( Fig. 1) (Musgrove et al., 2010) . Groundwater samples were collected in accordance with procedures described in Koterba and others (1995) and in the USGS National Field Manual. Water samples were collected from public-supply wells in 2004-05 and from a combination of public, domestic, stock, and commercial supply and monitoring wells in 2006. Public-supply well depths ranged from about 65 to 716 m; domestic, commercial, and stock well depths ranged from 24 to 152 m; and monitoring-well depths ranged from 55 to 98 m. The climate is subtropical sub-humid. Mean annual precipitation decreases across the region from 86 cm/year in the east to 56 cm/year in the west (Bomar, 1994) . Groundwater from the sampled portion of the Edwards aquifer was recharged predominantly within approximately the past 50 years and mixed extensively in the subsurface, and the whole aquifer is susceptible to anthropogenic impacts (Musgrove et al., 2010) .
2.1.1.3.
Albuquerque basin-groundwater. In the Albuquerque (ABQ) Basin, New Mexico, U.S., groundwater samples were collected from public-supply wells in 2005 and from public-supply and monitoring wells in [2007] [2008] [2009] (Fig. 1) . Public-supply well depths ranged from about 65 to 630 m and monitoring-well depths ranged from about 80 to 360 m. Groundwater samples were collected in accordance with USGS procedures cited above. The climate is semiarid, with potential evaporation substantially exceeding mean annual precipitation (22.1 cm/year at Albuquerque during . The ABQ alluvial basin consists largely of unconsolidated to moderately consolidated deposits of sand, gravel, silt, and clay. The age of most groundwater in the basin is on the order of thousands of years (Plummer et al., 2004; Bexfield et al., 2011) .
Southern Africa-soil and groundwater
Soil samples collected in southern Africa were primarily from the hyper-arid Central Namib gravel plains (Fig. 1) . Samples represent composites (0-30 cm depth) from locations in an area covering $150 km north to south and up to 85 km west to east from the coast. Rainfall for all sites is below 10 cm/year and may be as low as 0 cm/year. The eastern-most soil samples were from a calcrete-rich substrate and include the Zebra Pan, a small recharge playa. The central and western soil samples were from gypcrete-rich pediment characterized by lag gravel, fog precipitation, and lichen growth, and they include a sample from Eisfeld, a saline discharge spring and playa. Samples Table 1 Locations, sample types, summary statistics for ClO Soil-surface (0-30 cm) composite samples were from undisturbed areas and discrete-depth samples were from two hand-dug pits in the coastal Sabkha. Groundwater samples were collected from production wells (n = 12), monitoring wells (n = 3), and shallow hand-dug pits (n = 2). Groundwater samples were collected from wells near agricultural areas of Mohayer, Ghayathi, and Liwa. Soil samples were collected from the coastal Sabkha, Matti, and Gayathi regions. The climate is subtropical arid. Rainfall varies across the UAE with reported modern rainfall ranging from 7 to 13 cm/year, with a high potential evaporation rate of about 2-3 m/year (Sherif et al., 2014) .
Atacama desert-soil/caliche
Surface-soil samples (0-30 cm composites) were collected along an elevational transect east of Antofagasta, Chile, extending from the Baquedano nitrate mining district in the 'absolute desert' ($1300 m) (i.e., a plant-free , NO 3 À , and Cl À concentrations in groundwater. Ratios for all groundwater samples are shown by solid black lines. Average ratios in U.S. wet deposition are shown as solid red lines, and minimum and maximum average site ratios are shown as dashed lines. Ratios for wet deposition include 18 sites located across the conterminous U.S., as well as Alaska, and Puerto Rico for weekly samples over a three year period Rajagopalan et al. (2009) . The total deposition ratio (green line) represents the 6 year average of quarterly samples Andraski et al. (2014) . landscape) to the tussock steppe grasslands of the Western Andes Cordillera (4200 m) (Fig. 1) . Discrete-depth samples were collected from existing or fresh hand excavated pits within 25-75 km of the coast along a 450 km north-south transect. Additional discrete-depth samples were collected from open faces within an active nitrate mine. Atacama NO 3 À mineral deposits are considered to have accumulated over a period of the order of 10 6 -10 7 years (Pérez-Fodich et al., 2014) . The Atacama Desert is a hyper-arid cold desert with estimates of average annual rainfall less than 0.01 cm/year with large stretches of absolute desert.
2.1.5. China-soil and groundwater 2.1.5.1. Turpan-Hami-caliche. Caliche-type salt-rich samples were obtained from three sub-basins (Kumutage, Wuzongbulake, and Xiacaohu) in the Turpan-Hami Depressions, an area of fault-bounded troughs that descend to below sea level in northwestern China (Fig. 1) . Samples from Kumutage are from a vertical profile (0-2 m depth), whereas samples from the other basins are from unknown depths. These sites are associated with recently described massive NO 3 À deposits (Qin et al., 2012) . The NO 3 À from this region has a wide range of stable isotopic composition, ranging from predominantly un-cycled atmospheric to predominantly biogenic NO 3 À . The deposits are estimated to be <260 k years old (Qin et al., 2012) . Climate in the region is hyper-arid, with precipitation <1.5 cm/year. 2.1.5.2. Loess Plateau-groundwater. Archived (filtered and refrigerated) water samples were obtained from a previous study evaluating groundwater recharge in the central Loess Plateau in Shaanxi Province, China (Gates et al., 2011) . Samples were originally collected in 2008. The sampled area has an elevation of $1000-2000 m above sea À and NO 3 À and Cl À for all soils and caliches. Average ratio in wet deposition is shown as solid red lines, and average minimum and maximum ratios for all sites are shown as dashed lines. Ratios for wet deposition include 18 sites located across the conterminous U.S., Alaska, and Puerto Rico for weekly samples over a three year period Rajagopalan et al. (2009) . The total deposition ratio (green line) represents the 6 year average of quarterly samples Andraski et al. (2014). level. Approximately 20% of the catchment land area is cultivated (primarily dryland wheat farming). Mean annual rainfall is $50 cm/year. Groundwater is >100 m deep in upland areas and discharges into incised valleys. The samples were collected from springs over a range of elevations (1036-1231 m).
2.1.5.3. Badain Jaran-groundwater. Archived (filtered and refrigerated) groundwater samples were obtained from a previous study of shallow wells and springs located near the margin between the Badain Jaran dune field and Yabulai Mountains, Gurinai Grass Land, and Xugue Lake area ( Fig. 1) (Gates et al., 2008a,b) . The area is sparsely settled and contains only limited vegetative cover on unconsolidated sand dunes interspersed with groundwater-fed lakes of varying salinity. The dune area is underlain by a shallow surficial aquifer that is locally confined in some areas. Previous studies indicate groundwater recharge occurs largely at higher elevations near the margins of the basin. The area is considered a cold continental desert with average (1956-1999) precipitation of 8.4 cm/year (Gates et al., 2008a) .
Antarctica-soil
Discrete depth samples were collected from shallow hand dug pits in University Valley (1600 m), which is a perched valley above Beacon Valley in the Quartermain range of the McMurdo Dry Valley (MDV) region of Antarctica ( Fig. 1) . University Valley and nearby valleys contain elevated concentrations of NO 3 À primarily of atmospheric origin (Michalski et al., 2005) as well as elevated concentrations of ClO 4 À (Kounaves et al., 2010) . University Valley is located in a hyper-arid region of the MDV and receives a current water equivalent precipitation of less than 5 cm/year.
Soil extraction methods
Soluble salts from soil samples were extracted by mixing the soil with Milli-Q water at a 5:1 ratio (mass of water: mass of soil) and shaking for 24 h. The samples were centrifuged for 10 min, after which the supernatant was decanted and filtered (0.2 lm). All extraction sets were accompanied by an extraction duplicate and extraction sample spike (soil + known amount of ClO 4 À spike), extraction blank (DDI water only), and extraction spike (known amount of ClO 4 À spike). Moisture contents of samples were determined by drying at 105°C for 24 h. Sub-samples of some extracts were preserved at pH$11 for analysis of NO 3 À stable isotopic composition.
Analytical methods
Analysis of soil extracts and groundwater for ClO 4 À , NO 3 À , Cl À , and NO 3 À stable isotopic composition has been described previously . Briefly, ClO 4 À was quantified using an ion chromatograph-tandem mass spectrometry technique (IC-MS/MS) that consisted of a GP50 pump, CD25 conductivity detector, AS40 automated sampler and Dionex IonPac AS16 (250 Â 2 mm) analytical column. The IC system was coupled with an Applied Biosystems -MDS SCIEX API 2000e triple quadrupole mass spectrometer equipped with a Turbo-IonSpraye source. A 45 mM hydroxide (NaOH) eluent at 0.3 ml min À1 was followed by 90% acetonitrile (0.3 ml min
À1
) as a post-column solvent. To overcome matrix effects, all samples were spiked with an oxygen-isotope ( 18 O) labeled ClO 4 À internal standard. A 25 lL loop was used for sample loading with a 0.0005 lM level of quantification. Chloride and NO 3 À were analyzed following EPA Method 300.0 using a Dionex LC20, an IonPac AS14A column (4 Â 250 mm), 8 mM Na 2 CO 3 /1 mM NaHCO 3 eluent, and an Anion Atlas electrolytic suppressor. The limit of detection (LOD) of Cl À and NO 3 À were 1.4 lM and 3.5 lM, respectively. Individual sample quantification limits were based on the final dilution of the sample extract.
were measured by continuous-flow isotope-ratio mass spectrometry on N 2 O produced from NO 3 À by bacterial reduction (Sigman et al., 2001; Casciotti et al., 2002; Coplen et al., 2004 Michalski et al., 2002) . NO 3 À was isolated from mixed salt solutions by trapping on large-volume AG1X8 ion-exchange resin columns, followed by gradual elution with 0.5 M KCl to separate anions (Hannon et al., 2008) . The KCl À -KNO 3 eluent was passed through AG-MP50 cation-exchange resin columns in the Ag form to remove Cl and exchange K for Ag, then freeze dried to produce AgNO 3 salt. The AgNO 3 was heated under vacuum at 520°C while connected to a 5A°mol-sieve trap cooled with liquid N 2 to collect O 2 , which was then isolated and transferred to the mass spectrometer and analyzed against tank O 2 . Measured D
17 O values of NO 3 À isotopic reference materials RSIL-N11 and USGS35 prepared as AgNO 3 were indistinguishable from reported values of À0.2 and +21.1&, respectively, as defined in Bö hlke et al. (2003) .
Data analysis
Average molar ratios were calculated by averaging log-transformed individual sample ratios and then back transforming to standard notation. This was done to reduce the impact of individual samples with order of magnitude differences in ratios. Regression analysis was performed on data as presented in figures and significance was designated as P < 0.05.
RESULTS AND DISCUSSION
Results are summarized for all samples in Figs. 2 and 3  and Tables 1 and 2 À to atmospheric production and subsequent deposition (Rajagopalan et al., 2009; Jackson et al., 2010) . Excluding the Atacama site, our results are generally consistent with this assertion based on similarities between site NO 3 À /ClO 4 À ratios and those previously reported. Atmospheric deposition data include wet deposition at 18 sites located across the conterminous U.S., Alaska, and Puerto Rico using weekly samples collected over 3 years (Rajagopalan et al., 2009 ) and total atmospheric deposition (wet plus dry including dust) collected over a 6 year period at the Amargosa Desert Research Site, Nevada (Andraski et al., 2014 (Nozawa-Inoue et al., 2005) . This could have occurred during episodic events, defined as locally reducing conditions during individual precipitation wetting events that led to the depletion of oxyanions during the accumulation period of the current oxyanions. Cl À remaining after such episodic reduction is hereafter referred to as "episodic 15 N values of organic matter that is subject to nitrification (Handley et al., 1999; Amundson et al., 2003; McMahon and Bö hlke, 2006) . Isotopic variations caused by N cycling and NO 3 À reduction effects appear to be most prevalent at sites with relatively large fractions of biogenic NO 3 À , such that the combined effects of these major processes give a roughly triangular shape to the collection of isotope data in Fig. 6 O values can be explored using a mixing model with three bounding cases ( Fig. 8): (1) deposition and preservation of atmospheric NO 3
À with no addition of biogenic NO 3
preservation of atmospheric NO 3 À with addition of biogenic NO 3 À produced by nitrification of reduced N from either fixed N 2 , atmospheric NH 4 + , or accumulated organic matter (Fig. 8 black dashed lines) ; and (3) assimilation of atmospheric NO 3 À and regeneration with biogenic NO 3 À with no net gain or loss of N (Fig. 8 red dashed lines) . In this model, we have excluded the case of significant simultaneous NO 3 À and ClO 4 À reduction or NO 3 À reduction alone, which are alternative possibilities discussed below. For the Mojave and Atacama sites, ClO 4 À stable isotope data can be used to exclude large amounts of biological reduction . We have not ruled out the possibility of abiotic O exchange with H 2 O as an alternative to nitrification as a way of lowering d
18 O of atmospheric NO 3 À , but there is no direct evidence for such exchange in these environments, whereas there is evidence that lower NO 3 À d 18 O values are associated with increasing soil biologic activity.
Groundwater results

Groundwater overview
The ClO 4 À concentrations in groundwater samples varied over four orders of magnitude, whereas the NO 3 À /ClO 4 À molar ratios were remarkably constant (average = 24,000) and almost identical to that of total atmospheric deposition in the Amargosa Desert (Fig. 2) . This is true despite the geographic diversity of arid and semi-arid locations and isotopic evidence for varying degrees of biologic N cycling in soils or plants prior to recharge at these sites ( Fig. 6 and  8 ). Isotopic evidence for varying NO 3 À reduction in groundwater was not associated with substantial variation of NO 3 À /ClO 4 À ratios. However, it should be noted that the variation in NO 3 À /ClO 4 À ratios within most sites could be sufficient to accommodate substantial (>50%) NO 3 À losses. Cl À /ClO 4 À ratios were much more variable and for most sites these constituents were not correlated ( Fig. 2 ; Table 1 ). The lack of correlation and much larger Cl À /ClO 4 À ratios compared to total deposition for non-coastal sites supports addition of Cl À from non-atmospheric sources, "episodic Cl À " or "non-co-deposited Cl À " in many cases.
Albuquerque basin, U.S.(ABQ)
ClO 4 À concentrations in ABQ groundwater samples (n = 63) varied over a relatively narrow range (<0.05 (n = 22) to 3.1 lg/L) and concentrations were similar to those previously reported for this aquifer system (Plummer et al., 2006) (Fig. 4) . While some wells may have been influenced by anthropogenic activities, many were not impacted based on groundwater ages (Plummer et al., 2006; Bexfield et al., 2011 (Bexfield et al., 2011) . NO 3 À in the aquifer appears to be almost completely biogenic and NO 3 À in a number of wells may have been impacted by denitrification given the linear trend, correlation (r = 0.90) and slope (1.05) of some d 15 N and d 18 O data pairs (Fig. 6) (Granger et al., 2008) . These results are consistent with previous findings (Plummer et al., 2006) . NO 3 À stable isotope data were available for 9 of the 22 samples with ClO 4 À concentrations below the reporting limit (0.05 lg/L (Fig. 8) , but with substantial addition of Cl À (Fig. 7) . The source of the Cl À could originally be from non-atmospheric sources, "episodic Cl À ", or À is predominately biogenic with no evidence of denitrification based on either the isotope data or excess N 2 gas (Musgrove et al., 2010) . Similar to the ABQ basin, the data could be consistent with a model in which atmospheric NO 3 À deposition largely was replaced by biogenic NO 3 À in recharge with no net loss or gain, and with addition of Cl À ($10Â) from sources other than atmospheric co-deposition (Fig. 7) .
Loess Plateau, China
ClO 4 À concentrations in Loess Plateau groundwater samples (n = 10) varied over a range (0.6-1.6 lg/L) similar to those for the ABQ basin and Edwards Aquifer (Fig. 4) (Figs. 2 and 7) . Although agriculture was a common land use in the region, sampled groundwater was not highly enriched in NO 3 À . Irrigation was almost absent in the area. It is not possible to discuss the origin or subsequent fate of NO 3 À due to the absence of NO 3 À isotope data, but the relation between NO 3 À and ClO 4
À is similar to that in other geographically distant sites.
Badain Jaran, China
ClO 4 À concentrations in groundwater samples (n = 20) ranged from 0.3 to 2.1 lg/L and were correlated with NO 3 À (r = 0.57) (Fig. 4, Table 1 ) but Cl À was not correlated with ClO 4 À or NO 3 À . The average NO 3 À /ClO 4 À molar ratio (61,000) was the highest of any of the groundwater locations. Given the remoteness of the location, lack of intensive agriculture, and age of at least some of the groundwater evaluated, it is likely the ClO 4 À is indigenous (Gates et al., 2008a,b) . NO 3 À in this system previously has been attributed to nitrification of NH 4 + derived from atmospheric deposition or from mineralization of organic matter produced by nitrogen fixation or biologic assimilation of atmospheric N. In a few samples, NO 3 À may have been partially reduced through denitrification and a few samples with elevated d 18 O and low d 15 N of NO 3 À may have minor unaltered atmospheric components (Gates et al., 2008a) . Our samples represent a subset of those analyzed by Gates et al. (2008a) . Of the 20 samples we evaluated for ClO 4 À , NO 3 À stable isotope data were available for 10 (Fig. 6) /NO 3 À ratios support large ($100Â) inputs of local, "episodic", or "non-co-deposited atmospheric Cl À ", similar to the ABQ aquifer (Fig. 7) .
Namibia
ClO 4 À concentrations in Namibia groundwater samples (n = 10) ranged from 2.7-97 lg/L (Fig. 4) Factors affecting the Namibia groundwater could be similar to those at the Badain Jaran site (atmospheric deposition with conservation of the atmospheric component and dilution by biogenic NO 3 À ) but altered by some denitrification (Fig. 8) . High Cl À /ClO 4 À ratios could be due to high local Cl À deposition fluxes considering the coastal proximity, as values overlap with the high end of the range for wet deposition from US coastal locations. This is supported by the significant correlation between Cl À and ClO 4 À for this site but not others, and by the similar Cl À /ClO 4 À ratios in surface soils (Fig. 7) .
UAE
Maximum ClO 4 À concentrations for UAE groundwater were the highest of any groundwater evaluated (Fig. 4) . Highest concentrations (500-740 lg/L) occurred in sabkha areas (n = 5) but concentrations in some inland fresh groundwater (n = 20) were also elevated (0.1-108 lg/L), similar to the concentration range for Namibia groundwater. ClO 4 À and NO 3 À were well correlated with each other (r = 0.98) and with Cl À (Table 1 ). The average NO 3 À /ClO 4 À molar ratio (22,000) was similar to those for the Edwards, ABQ, and Namibia sites (22,000, 23,000, and 29,000, respectively) ( Table 1 ). The NO 3 À in most (n = 10) of the fresh-water samples (production wells) for which NO 3 À stable isotope data are available (n = 12) appears to be predominantly biogenic, with little evidence of NO 3 À reduction (d 15 N $2-6& and d 18 O $5-10&; Fig. 6 Fig. 7 ). UAE non-sabkha groundwater is more consistent with NO 3 À cycling rather than simple dilution (addition only) by biogenic NO 3 À . Cl À /ClO 4 À ratios are similar to sabkha samples but much higher than for UAE surface soil samples (see below) suggesting that atmospheric deposition may not be the dominant source of the Cl À .
Soil and caliche results
Soil and caliche overview
ClO 4 À concentrations in soils/caliches for all sites vary over a larger range (0.1-10 6 lg/kg) than those in groundwater (Figs. 2 and 3) . Similarly, NO 3 À /ClO 4 À ratios appear to be more variable in soils/caliches than in groundwater (Figs. 2 and 3 ). In part, these contrasts may be related to the fact that soil/caliche samples are likely to exhibit local heterogeneity caused by selective crystallization, re-dissolution, and redistribution of salts during infiltration, whereas groundwater is more likely to represent spatially and temporally integrated samples of infiltrated salts. Nonetheless, there are clear relations between soil and groundwater NO 3 À and ClO 4 À concentrations within sites and between sites
Overall there appear to be major groupings of NO 3 À /ClO 4 À molar ratios that include 1) Mojave soil/caliche (85,000) and southern Africa soil (120,000); 2) all groundwater (24,000) and UAE soil (21,000); 3) Antarctica soil (14,000) and China Turpan-Hami soil/caliche (12,000); and 4) Atacama soils/caliches (1400) (Fig. 7) . The first group (Mojave and southern Africa soil) ratios are similar to the average ratio ($100,000) in wet deposition (Rajagopalan et al., 2009) . The ratios of the second group (all groundwaters and UAE soil) are essentially identical to the ratio in total deposition at the Amargosa Desert Research Site (22,000) (Andraski et al., 2014 . Each site is discussed below in more detail in order of the major groupings and generally from more biologically active to less biologically active.
Mojave Desert
Soil samples were collected from three different environments (surface of clay hills, valley floor desert pavement, and deep sub-surface salt bulge), all in a relatively small but geographically diverse area of the Mojave Desert (Fig. 1) . These samples do not represent "typical" soils but rather were chosen for their known accumulations of salts. Concentrations of ClO 4 À in these samples ranged from a low of 0.1 lg/kg (salt bulge) to a high of 5500 lg/kg (Confidence Hills) (Fig. 5) . Samples (0-1 m) from the clay hills of southern Death Valley (Confidence Hills, Bully Hill, and Saratoga Hills) had the highest known concentrations of indigenous ClO 4 À in the U.S., and were similar to those described in previous studies Lydbrand et al., 2013) . Discrete-depth samples from a subsurface salt bulge had a wide range of ClO 4 À concentrations (0.1-20 lg/kg), similar to other reported southwestern U.S. subsurface salt bulges (Rao et al., 2007) . Near-surface samples from desert pavement on the Amargosa Desert valley floor contained concentrations of ClO 4 À similar to those in the nearby subsurface salt bulge. For comparison, a set (n = 48) of composite (0-30 cm) samples collected in a pre-defined grid covering a 0.1 km 2 hill-slope area of a nearby knoll was reported to have an average ClO 4 À concentration of 3.0 ± 2.6 lg/kg with a range of 0.8-11.8 lg/kg (Andraski et al., 2014) .
ClO 4 À concentrations for all sites in the Mojave Desert are significantly correlated with NO 3 À (r = 0.66) but not with Cl À (r = 0.18) ( Table 2 , Fig. 5 ). ClO 4 À and NO 3 À concentrations from individual profiles in and near the Death Valley clay hills were generally but not always significantly correlated. In addition, for the spatially varying desert pavement composite, desert pavement profile, and subsurface salt bulge, concentrations of ClO 4 À and NO 3 À were correlated (r = 0.90, 0.99, and 0.92, respectively). ClO 4 À was not correlated with Cl À in the Mojave sample sets except for the subsurface salt bulge, desert pavement sites, and samples from Rainbow Hills. Cl À and NO 3 À were also correlated for many of the same locations for which ClO 4 À and NO 3 À were correlated. A previous study found a significant but weaker relationship between NO 3 À and ClO 4 À in samples from the clay hills including some of the same locations reported here (Lybrand et al., 2013) . One possible reason for the lower degree of correlation in the Lybrand study may have been the relatively high reportable ClO 4 À detection limit (165 lg/kg).
The molar ratios of NO 3 À /ClO 4 À for all Mojave locations varied from 25,000 to 240,000 with an overall average of 85,000 (Table 2) . NO 3 À /ClO 4 À molar ratios were most variable in the clay hills samples, while the desert pavement and sub-surface salt bulge NO 3 À /ClO 4 À ratios were more uniform (40,000-86,000). These ratios are similar to those reported for other salt bulges in the arid southwestern U.S. (30,000-51,000, 27,000, and 218,000 for depth profiles from the Chihuahuan Desert, Amargosa Desert, and Yucca Flats, respectively) (Rao et al., 2007) . Mojave Desert soil NO 3 À /ClO 4 À molar ratios are generally higher than the average ratio in total deposition at the Amargosa Desert Research Site (Andraski et al., 2014) . The total deposition sample site was co-located with the desert pavement and sub-surface salt-bulge sites and within $100 km of the remaining Mojave sites. In contrast to the relatively similar average NO 3 À /ClO 4 À ratios in Mojave sample sets, average Cl À /ClO 4 À ratios varied over two orders of magnitude (77,000-7,400,000), indicating processes other than evapo-concentration affected anion ratios in the region. À is partially (20-50%) atmospheric in origin and partially biogenic, with no evidence of substantial isotope effects from NO 3 À reduction (Bö hlke et al., 1997; Michalski et al., 2004; Jackson et al., 2010; Lybrand et al., 2013) . NO 3 À in soil samples from Irwin Basin was mainly biogenic (Fig. 6) (Densmore and Bö hlke, 2000) . The d
O and d
15 N of NO 3 À in samples from the desert salt bulge support a largely biogenic source of NO 3 À while those in samples from near-by desert pavement appear to have a substantial (up to $20%) atmospheric component ( Fig. 6) (Andraski et al., 2014) . NO 3 À /ClO 4 À ratios and NO 3 À stable isotope ratios for samples from the Mojave clay hills are consistent with a model of atmospheric deposition and addition of biogenic NO 3 À without significant recycling (Fig. 8) , and with substantial addition of Cl À (Fig. 7 ) from "episodic Cl À ", "non-co-deposited Cl À " sources or local non-atmospheric sources, consistent with the sedimentary host rocks and lack of plant life on the hills. Samples from the deep bulge are more similar to groundwater, indicating a largely recycled NO 3 À component consistent with N that infiltrated through the active soil zone. Samples of desert pavement are intermediate to the other two sample sets reflecting limited recycling of the atmospheric NO 3 À component and addition of biogenic NO 3 À . The relatively low NO 3 À /ClO 4 À ratios in the salt bulge and groundwaters may indicate that soil processes tend to decrease NO 3 À relative to ClO 4 À . The decrease in the NO 3 À /ClO 4 À ratio could be due to episodic microbial reduction, though soils in these arid environments are generally well aerated. Another possibility could be uptake and assimilation of NO 3 À by plants and accumulation as organic N. A recent study suggested that while both ClO 4 À and NO 3 À are taken up by desert plants, the ClO 4 À can remain unprocessed and recycled back to the soils while NO 3 À is largely fixed within the plant tissue (Andraski et al., 2014) . The similar low NO 3 À /ClO 4 À ratio for groundwaters and deep salt bulge, given the complete loss of the original atmospheric NO 3 À component, suggests that in arid and semi-arid areas there is an upper limit to the amount of oxidized N that escapes from the biologically active vadose zone and that long term fluxes of NO 3 À may be somewhat regulated. Only in cases of extreme aridity or surface features (e.g. desert pavement), which limit infiltration, do ratios increase from NO 3 À addition in the relative absence of assimilation and gas loss.
Southern Africa
In contrast to the Mojave sample sites, southern Africa soil sample sites were not selected based on known salt accumulations. ClO 4 À concentrations varied from 0.2 to 45 lg/kg, with no relation to surface feature (pan, fan, or vertical profile) (Fig. 5) . Samples from Botswana and South Africa playa surfaces were similar to those from Namibia. For both the Namibia and Botswana sites, as well as the combined data set, ClO 4 À and NO 3 À concentrations were correlated ( 
/ClO 4
À were similar for the three sites (96,000, 150,000, and 125,000) with an average ratio of 120,000 (Table 2) , significantly greater than Namibia groundwater samples. Site average Cl À /ClO 4 À ratios were much more variable (650,000-41,000,000). NO 3 À in the Namibia surface soils contained a greater unaltered atmospheric NO 3 À component (20-50%) than groundwater from Namibia (Fig. 6) , and was intermediate to Mojave Desert pavement and clay hill samples (Fig. 8) . NO 3 À /ClO 4 À ratios largely overlap with ratios of the Mojave Desert sample sets (e.g. clay hills and desert pavement) but are higher than ratios for Namibia groundwater (Fig. 8) .
Overall, the Namibia soil data set appears to resemble the Mojave clay hills data set, consistent with a largely preserved atmospheric component with addition of biogenic NO 3 À (Fig. 8) . While the unusually high Cl À /ClO 4 À ratios in the Namibia samples could in part be due the coastal proximity, the lack of correlation between Cl À and NO 3 À or ClO 4 À indicates local, "episodic", or "non-co-deposited Cl À " sources may be important, similar to the Mojave Clay hills (Fig. 7) .
UAE
Sample sites in the UAE represent both typical soil and sabkha sediment. Soil ClO 4 À concentrations (n = 7) ranged from < 0.1 (n = 2) to 13 lg/kg and those for sabkha sediment (n = 7) were generally higher (<0.1(n = 2) to 262 lg/kg). ClO 4 À and NO 3 À were correlated for both soil (r = 0.87) and sabkha sediments (r = 0.97) with an overall correlation coefficient of 0.99 (Table 2 (Fig. 6) . NO 3 À in the sabkha samples apparently had substantial fractions of unaltered atmospheric NO 3
À (approximately 20-50%), and it also exhibited isotopic evidence of NO 3 À reduction. NO 3 À /ClO 4 À molar ratios in UAE soil and sabkha samples were similar to those in UAE groundwater (22,000) and Amargosa Desert total deposition (22,000) (Fig. 8) .
The NO 3 À /ClO 4 À ratios and NO 3 À isotopic compositions of the soil samples are consistent with substantial NO 3 À recycling, perhaps consistent with relatively high local precipitation, similar to UAE groundwater (Fig. 8) À , and ClO 4 À were not simply derived from concentrated infiltration but rather may indicate dissolution of stored salts in the subsurface or that the groundwater was not recharged locally.
China, Turpan-Hami
High concentrations of ClO 4 À ($100 to 16,000 lg/kg) were present in a relatively small set (n = 11) of samples from three sites in the vicinity of recently described massive NO 3 À deposits of northern China (Li et al., 2010; Qin et al., 2012) . Concentrations of ClO 4 À were similar to those in the Mojave clay hills samples and $1-2 orders of magnitude lower than the majority of samples from the Atacama NO 3 À deposits, even though the NO 3 À concentrations were similar between the Atacama and China deposits (Fig. 5) . Turpan-Hami NO 3 À has been attributed largely to long-term atmospheric deposition, based on elevated D 17 O (5-20&) and d
18 O (30-60&) values (Li et al., 2010; Qin et al., 2012) (Fig. 5) . Molar ratios of NO 3 À /ClO 4 À were generally lower than ratios for the Mojave Desert sites and for Mojave total atmospheric deposition, but the overall average ratio was still $1 order of magnitude greater than the Atacama ratio, although the ranges do overlap (Fig. 7) .
Given the large unaltered atmospheric NO 3 À component and the relatively low NO 3 À /ClO 4 À ratio in the Turpan-Hami samples, it would appear that there has not been much net addition of biogenic NO 3 À (Fig. 8) . Compared to the Mojave total deposition anion ratios and NO 3
À isotope values, the Turpan-Hami data are consistent with partial recycling of the atmospheric NO 3 À component. However given the extreme aridity and lack of vegetation, an alternative explanation may be that the Mojave total deposition NO 3 À /ClO 4 À ratios do not represent Turpan-Hami deposition ratios. For example, a lower contribution from wet deposition with higher NO 3 À /ClO 4 À might reduce the total deposition NO 3 À /ClO 4 À ratio and thus allow for biogenic addition without recycling. Similar to the Mojave, there also appears to be a substantial component of Cl À unrelated to co-deposited NO 3 À and ClO 4 À (Fig. 7) .
3.3.6. Antarctica, University Valley ClO 4 À concentrations varied over a relatively narrow range (50-500 lg/kg); variations with depth were similar in magnitude to variations among locations (Fig. 5) . These concentrations are similar to those previously reported for University Valley and Beacon Valley (Kounaves et al., 2010) . Concentrations were higher than those of surface soils from other sites, excluding the samples from the Mojave clay hills, Atacama, and China Turpan-Hami. Concentrations of NO 3 À and ClO 4 À were correlated (r = 0.83-0.99) in all profiles, as were concentrations of Cl À with ClO 4 À (r = 0.72-0.99) and NO 3 À (r = 0.64-0.99) with the exception of profile 7 (Table 2 ). Average molar ratios were similar among sites 7900-20,000; 4600-10,000; and 0.34-0.87, for NO 3 À /ClO 4 À , Cl/ClO 4 À , and Cl/NO 3 À respectively. The NO 3 À /ClO 4 À molar ratios were similar to those of Turpan-Hami samples, but an order of magnitude higher than Atacama ratios. The Cl À /NO 3 À molar ratios for the Antarctica sites were lower than for all other sites, but the Cl À /ClO 4 À ratios for the Atacama sites were lower than those for University Valley (Fig. 7) .
NO 3 À in soils from the McMurdo Dry Valley region of Antarctica previously has been attributed to atmospheric deposition with no biogenic component based on extremely high d
18 O (>70&) and D 17 O values (>29&) (Michalski et al., 2005) . NO 3 À in Antarctica soil samples analyzed in this study had a similar d 18 O range (76-84&) (Fig. 6 ). This site represents the extreme end of low biological activity both due to the very few degree days above 0°C as well as the limited precipitation. NO 3 À deposition in Antarctica is somewhat unique and NO 3 À can also be subject to a number of isotopically fractionating abiotic processes (e.g. photolysis and volatilization) on snow and ice (e.g. Grannas et al., 2007 and Frey et al., 2009 ). Our soil samples did not appear to exhibit anomalous concentration ratios or NO 3 À isotopic compositions that might reflect post-depositional transformations. The ratios of NO 3 À /ClO 4 À and Cl/ClO 4 À , and NO 3 À isotopic compositions, coupled with strong correlations among all three species, support an unaltered atmospheric source consistent with the cold hyper-arid conditions and almost complete lack of biological activity (Fig. 8) .
Atacama
ClO 4 À concentrations (n = 102) in Atacama soil/caliche samples ranged from a minimum of 0.5 lg/kg to a maximum of 1 Â 10 6 lg/kg (Fig. 5) . The vast majority of profile samples (AT) collected in the central depression contained
ClO 4
À at concentrations that exceed those for all other sites evaluated in this study. Surface soil composites acquired along an east-west elevation transect varied in concentration; approximately 50% of the samples (those located above 2500 m elevation, east of the central depression and absolute desert where vegetation is present) had concentrations similar to those for the Mojave, southern Africa, and UAE sites. Spatial location (both altitude and geographic coordinates) is likely an important determinant of ClO 4 À concentration due to rainfall and evapotranspiration effects, but the associated discussion is beyond the scope of this paper.
For all profiles, surface composites, and the combined data set, NO 3 À and ClO 4 À were correlated except for the mine samples (Table 2 ). In general, correlation coefficients were lower for the relation between Cl À and ClO 4 À compared to NO 3 À and ClO 4 À but still generally significant, and as such NO 3 À and Cl À were generally correlated. NO 3 À /ClO 4 À molar ratios (550-2200) were at least an order of magnitude lower than at other sites evaluated in this study, with one exception (site AT16, where NO 3 À /ClO 4 À = 13,000). All the Atacama NO 3 À /ClO 4 À ratios were below the minimum ratios reported for wet and total deposition in North America (Rajagopalan et al., 2009; Andraski et al., 2014) . Previous studies indicate the source of NO 3 À in the Atacama caliche deposits is largely atmospheric (>50%) (Bö hlke et al., 1997; Michalski et al., 2004) and the stable isotopic compositions of samples evaluated in this study generally were consistent with this, except for a few of the surface soil composites far from the central depression in which NO 3 À appears to be mainly biogenic (Fig. 6 ). Cl À /ClO 4 À molar ratios for the Atacama sites were similar to each other in magnitude and variability (615-4700) and were lower than at other sites evaluated in this study (Table 2) .
The Atacama Desert is the location with the longest record of aridity and the most extreme aridity under present conditions, and this is reflected by the predominantly atmospheric source of NO 3 À with only limited biogenic NO 3 , 1997; Michalski et al., 2004) . The average Atacama soil NO 3 À /ClO 4 À ratio is at least one order of magnitude lower than all other measured deposition, soil/-caliche, and groundwater ratios (Fig. 8) . We exclude the possibility that the low ratio compared to other sites was caused by loss of ClO 4 À at all other sites based on the stable isotopic composition of ClO 4 À in the Mojave as well as other unpublished data for Antarctica and Turpan-Hami. There was also limited or no evidence for biological NO 3 À reduction in most of the sites studied. The low ratio is not likely caused by net loss of NO 3 À by denitrification or plant assimilation, given the hyper-arid conditions. The low ratio could be due to regionally low NO 3 À deposition flux or high ClO 4 À deposition flux. Both of these species are considered to be at least partly atmospheric in origin based on elevated D
17 O values as well as 36 Cl content of ClO 4 À (Bao and Gu, 2004; Michalski et al., 2004; Sturchio et al., 2009; Jackson et al., 2010) . Regionally low NO 3 À production does not seem likely as the overall average Cl À /NO 3 À molar ratio (1.1) is the fourth lowest of all locations and matches reasonably well with reported deposition ratios for the Atacama (0.74) (Ewing et al., 2006 18 O, and 36 Cl/Cl) could be related to an additional unknown production mechanism which could also explain the very low ratios of NO 3 À /ClO 4 À . Alternatively, given the duration of hyper-arid conditions in the Atacama (>2 million years), the relative enrichment and unique isotopic composition of ClO 4 À could be a reflection of atmospheric conditions that are no longer present. The age of the ClO 4 À in the Atacama has been estimated to be at least 750,000 years for the youngest samples, with a mean age of 3-8 million years based on 36 Cl/Cl À ratios in ClO 4 À (Sturchio et al., 2009 ). This suggests that almost all of the Atacama ClO 4 À is older than 300,000 years, and thus predates the estimated time period over which ClO 4 À was deposited at other terrestrial locations.
Implications of Cl
The global consistency of NO 3 À /ClO 4 À ratios in all locations other than the Atacama is in contrast to the more variable Cl À /NO 3 À and Cl À /ClO 4 À ratios (Fig. 7) . Cl À ratios similar to atmospheric deposition ratios, whereas Cl À /NO 3 À and Cl À /ClO 4 À ratios of terrestrial samples are systematically higher than deposition ratios. For the deposition data summarized in this paper (U.S. wet deposition (WD) and Mojave total deposition (TD)), the Cl À /NO 3 À molar ratios (0.33 and 0.61 for WD and TD, respectively) are similar to that previously estimated from oxic groundwater data for the Middle Rio Grande Basin (Cl in wet deposition at different sites across the U.S. varied by 2 orders of magnitude and much of the variation was related to distance from the coast, presumably reflecting variation in the sea-salt component relative to other components of the Cl À deposition. Similarly, continental-scale studies of 36 Cl/Cl ratios in pre-anthropogenic groundwater in the U.S. and modern atmospheric deposition in Europe indicated maximum coastal marine Cl À enrichment factors on the order of 20-40 (Davis et al., 2003; Johnston and McDermott, 2008) . Varying deposition ratios could account for some of the regional terrestrial variation illustrated in Fig. 7 , but probably not all of it, and presumably would not cause almost all terrestrial samples to be relatively enriched in Cl À . The Cl À /NO 3 À ratios of soil/caliche and groundwater samples vary over 3 orders of magnitude, with little relation to distance from the coast, although some of the highest Cl À /NO 3 À ratios are from areas near coasts (e.g., Namibia and UAE). The highest wet deposition Cl À /NO 3 À ratio observed by Rajagopalan et al. (2006) for 4 coastal sites (<50 km) was 17 (Puerto Rico) while the other 3 coastal sites had ratios < 4.
The array of data extending from atmospheric deposition toward higher Cl À /NO 3 À and Cl À /ClO 4 À ratios (Fig. 7) , and the lack of a relation between the increase in Cl À /NO 3 À ratio and the NO 3 À /ClO 4 À ratio (Fig. 7) suggests that either Cl À at most sites has been supplemented by sources unrelated to the source of the original co-deposited NO 3 À or ClO 4 À , or that both NO 3 À and ClO 4 À were equally lost in these systems as previously described. Partial microbial reduction of NO 3 À is supported by isotope data at some sites (Fig. 6 ). However, NO 3 À isotopes at most sites appear to be relatively unfractionated and some indicate substantial unaltered atmospheric NO 3 À . For ClO 4 À and NO 3 À to be lost due to episodic reduction without apparent isotope effect would require complete loss at micro-sites and as much as 99% total loss to account for the magnitude of change in the Cl À /NO 3 À ratios, which is considered improbable given the current aridity of most locations in this study. However, as previously mentioned, it is possible that some sites with elevated Cl À concentrations contain atmospheric Cl À that accumulated during previous wetter periods that supported biological reduction of NO 3 À and ClO 4 À (non-co-deposited Cl À ). Another possible confounding factor may be the potential de-coupling of Cl À and NO 3 À or ClO 4 À transport. Local redistribution of salts by selective crystallization, dissolution, and infiltration might have separated NO 3 À and ClO 4 À from Cl À at the scale of individual samples or vertical profiles. Also, we have observed that at least some plants uptake ClO 4 À and NO 3 À proportionally while excluding Cl À (Andraski et al., 2014) . Biologic assimilation could be responsible for substantial N sequestration in persistent organic matter, and release of N gases (e.g., NH 3 , N 2 O, N 2 ) during remineralization, nitrification, or denitrification, could also lead to elevated Cl À /NO 3 À ratios in soils and recharging groundwaters, but existing data do not support similar losses of ClO 4 À due to plant uptake (Tan et al., 2004b (Tan et al., , 2006 Andraski et al., 2014) . It is emphasized that the Atacama Desert occupies a unique position in all of the figures that present data from this study, which can only be achieved by assuming a localized in-situ production mechanism or unknown variation in the deposition ratios over million-year time scales that would not be recorded at the other sites.
CONCLUSIONS
ClO 4
À is globally distributed in soil and groundwater in arid and semi-arid regions on Earth at concentrations ranging from 10 À1 to 10 6 lg/kg. Generally, the ClO 4 À concentration in these regions increases with aridity index, but also depends on the duration of arid conditions. In many arid and semi-arid areas, NO À is not a good indicator of co-deposition and should be used with care when interpreting oxyanion cycling and mass balances in arid systems.
In general, the co-occurrence of ClO 4 À and NO 3 À in arid and semi-arid locations, and associated variations in the isotopic composition of the NO 3 À , are consistent with a conceptual model of atmospheric origin, global co-deposition, and variable alteration of the NO 3 À pool by biogenic addition, assimilation, and/or recycling on the surface. Preservation of the atmospheric deposition NO 3 À /ClO 4 À ratio in unsaturated-zone accumulations and groundwater in areas where biological activity is substantial and on-going appears to indicate limits to net gains and losses of N through biological processes in soils between deposition inputs and infiltration outputs. Measurements of ClO 4 À concentration in desert regions could be useful for interpreting major anion cycles and processes, particularly with respect to the less-conserved NO 3 À pool. If more accurate local measures of deposition can be obtained, then ClO 4 À surface accumulations in conjunction with NO 3 À isotopic composition could be useful in evaluating the duration of arid conditions that led to such accumulations, and potentially also the extent of biological processes and nitrogen mass transfers.
The Atacama Desert appears to be unique compared to other arid and semi-arid locations. There, exceptional enrichment in ClO 4 À compared to Cl À or NO 3 À , accompanied by unique ClO 4 À isotopic characteristics (Bao and Gu, 2004; Bö hlke et al., 2005; Jackson et al., 2010) , may reflect an unusually efficient, but yet unknown, in-situ production mechanism, regionally elevated atmospheric ClO 4 À production rates, or higher ClO 4 À production rates in pre-Pleistocene times.
In the absence of microbial reduction, ClO 4 À can persist in many environmental conditions. On early Earth, prior to the onset of microbial ClO 4 À reduction, ClO 4 À concentrations could have been much higher than currently observed. However, the net impact of microbial ClO 4 À reduction on the global chlorine biogeochemical cycle remains unconstrained. Elevated concentrations of ClO 4 À reported on the surface of Mars, and its enrichment with respect to Cl À and NO 3 À , could reveal important clues regarding the climatic, hydrologic, and potentially biologic evolution of the planet. Given the highly conserved ratio of NO 3 /ClO 4 À in non-biologically active areas on Earth, it may be possible to use alterations of this ratio as a biomarker on Mars.
